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ABSTRACT: There has been intense research into the role nitric oxide (NO) plays in 
physiological and pathological mechanisms and its clinical significance in respiratory' 
medicine. 

Elevated levels of exhaled levels of exhaled NO in asthma and other inflammatory 
lung diseases lead to many studies examining NO as potential markers of airway 
inflammation, enabling repeated noninvasive and standardized monitoring of airway 
inflammation. In airway inflammation NO is not merely a marker but may have anti¬ 
inflammatory and pro-inflammatory effects. Significant correlation lias been found 
between exhaled NO and skin test scores in steroid naive asthmatic patients, allowing 
to discriminate patients with and without airway responsiveness. Exhaled NO is 
significantly elevated in acute asthma, or steroid-resistant severe asthma, or when the 
maintenance dose of inhaled steroids is reduced, and quickly reduced down to the 
levels in patients with stable asthma after steroid treatment. Exhaled NO has been 
successfully used to monitor anti-inflammatory treatment with inhaled corticosteroids 
in asthma. Exhaled NO is extremely sensitive and rapid marker of the dose-dependent 
effect of steroid treatment, or asthma deterioration, which is increased to any changes 
jn lung function, provocative concentration causing a 20% fall in forced expiratory 
volume, sputum eosinophilia or asthma symptoms. Exhaled NO is not increased in 
stable chronic obstructive pulmonary disease (COPD), but patients with unstable 
COPD. or bronchiectasis have high NO levels. Exhaled and nasal NO are diag¬ 
nostically low in cystic fibrosis and primary pulmonary dyskinesia. 

Analysts of exhaled air, including nitric oxide, is feasible and could provide a 
noninvasive method for use in monitoring and management oflung diseases. 
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Accurate assessment of inflammation and oxidative 
stress in the lung is important in the clinical management 
of a variety of pulmonary conditions, including asthma, 
chronic obstructive pulmonary disease (COPD). cystic fib- 
rosis and interstitial lung disease. It may allow the clinician 
to monitor the progression of the disease and to assess the 
efficacy of anti-inflammatory Or antioxidant treatment. 
Traditional parameters including lung function, airway 
reactivity and symptoms are often difficult to interpret, as 
they may be affected by treatment with bronchodilators or 
corticosteroids. 

Optimal and noninvasive monitoring of the effect of 
anti-inflammatOTy drugs in asthma is important, as asth¬ 
matic patients may require a life-long, individually tailor¬ 
ed, treatment with corticosteroids. It has been suggested 
that it may take several weeks for inhaled corticosteroids to 
become effective. Recently, a variety of noninvasive ap¬ 
proaches, such as exhaled breath analysis (exhaled gases 
and condensate) and induced sputum have been developed. 


which are changing the understanding about the speed of 
action of corticosteroids and their effect in asthma. How¬ 
ever. sputum induction [I] cannot be used for day to day 
monitoring, as it provokes transient neutrophilia [2. 3}. 
and the exhaled condensate approach is oniy in the early 
stage of development. 

Exhaled nitric oxide (NO) has been validated against 
invasive measurements of inflammation by bronchoscopy 
[4, 5] and induced sputum in asthma [6-8], and it is not 
influenced by bronchodilators, such as albuterol or sal- 
meterol [9—11]. The inflammatory origin [5, 12-15] of 
elevated levels of exhaled NO in asthma [14, 16], its 
responsiveness to suppression by corticosteroids [17, 18] 
and accumulating evidence of its association with asthma 
severity [19-21] make exhaled NO an effective and prac¬ 
tical marker to monitor the effect of corticosteroid and 
other anti-inflammatory treatments in asthma. Exhaled 
NO may also be useful in the assessment of other inflam¬ 
matory lung diseases. 


Previous articles in this series: No 1: L. Jayaram, K. Parameswaran, M.R. Sears, F.E. Hargreave. Induced sputum cells counts: their 
usefulness in clinical practice. Eur Respir J 2000; 16: 150-159. No. 2: O. Holz, J. Kips, H. Magnussen. Update on sputum 
methodology. Eur Respir .72000; 16: 335-359. No. 3: R.A. Jorres. Modelling the production of nitric oxide within the human airways. 
Eur Respir J 2000; 16: 555-560. 
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General principles of exhaled 
nitric oxide measurements 

Technical factors affecting exhaled nitric oxide mea¬ 
surements 

Measurements of exhaled NO are usually made by 
chemiluminescence analysers and are based on the pho¬ 
tochemical reaction between NO and ozone generated in 
the analyser. The specificity of exhaled NO measurements 
by chemiluminescence has been confirmed using gas chro¬ 
matography-mass spectometry [22]. 

There are two main approaches to measurement of 
exhaled NO; on-line, during a single, flow-controlled 
exhalation against a resistance; off-line, using similar 
controlled exhalation during a single exhalation into 
reservoir. There are a few technical factors, which should 
be considered when exhaled NO measurements are used 
to monitor asthma treatment (table 1). 

The European Respiratory Society (ERS) Guidelines on 
exhaled and nasal NO measurements was established in 
1997 [23]. Recently, recommendations for standardized 
procedures for the on-line and off-line measurement of 
exhaled and nasal NO in adults and children has been 
published [24], The standardization of techniques makes 
it possible to compare the results of clinical trials between 
different centres. 

Physiological, pathophysiological conditions and 
habits affecting exhaled nitric oxide measurements 

Conditions that may affect NO concentrations in ex¬ 
haled air should be avoided, or registered and used for the 
interpretation of the data (table 21- 

Origin of nitric oxide in exhaled air 

The use of exhaled NO as a read out for airway in¬ 
flammation depends on the understanding of its origin in 
exhaled air. Exhaled NO has a multiple cellular origins, as 
nitric oxide synthases (NOS) are expressed in several cell 
types in the respiratory' tract, including epithelial and vas¬ 
cular endothelial celts, macrophages, eosinophils and neu- 
ons [25], In fact. in most studies of normal subjects free of 
inflammation [26. 27], continuous NOS rather than in¬ 
ducible NOS is predominant in' the airway wall [28], 

Increased lower airway production of NO in asthma has 
been confirmed by direct sampling during bronchoscopy 
[4, 29], and in tracheotomized patients [30], This has been 
indirectly supported by flow-dependence of exhaled NO 
and accumulation of NO during a breathhold [4, 31]. 
Patients with asthma, show increased levels of exhaled 
® 16] and related expression of inducible NOS 

(iNOS) and 3-nitrotyrosine [5] in bronchial epithelium. 


Table 1. - Technical factors affecting exhaled nitric oxide 
(INU) measurements 


Increased NO 

Decreased NO 

Low exhalation or sampling 
flow rate 

High exhalation or sampling 
flow rate 

Breath holding 

Spirometric manoeuvres 

—- 

(transiently) 


Table 2. - Physiological, pathophysiological conditions 
and habits affecting exhaled nitric oxide (NO) measure¬ 
ments 


Increased NO 

Decreased NO 

Habits 


Allergen and/or pollen exposure 

Menstruation 

Air pollution 

Smoking. 

Occupational exposure (ozone) 

Acute alcohol ingestion 
Mouth washing 

Arginine ingestion, nitrite/ 


nitrite-enriched food 

Conditions 

Asthma 

Nonasthmatic chronic 


cough 

Unstable/severe COPD 

Pulmonary hypertension 
Kartagener's syndrome 

Allergic rhinitis 

URTI 

Primary' cillta diskynesia 

Influenza vaccination 

Cystic fibrosis 

LPS administration 

Bronchiectasis 

Ulcerative colitis 

Tuberculosis 

Lung cancer 

Active pulmonary sarcoidosis 


COPD: chronic obstructive pulmonary disease; URTI: upper 
respiratory tract infection; LPS: lipopolysaccharide. 


Increased iNOS expression has also been reported in lung 
transplant recipients [32], and exhaled NO levels were 
dependent upon the intensity and extent of expression of 
iNOS in bronchial epithelium and BAL neutrophilia, but 
not in the subepithelial area in these stable lung transplant 
recipients free ofirtfection. rejection, or obliterative bron¬ 
chiolitis. 

The profound effect of nebulized [33-35] versus the 
modest effect of comparable intravenous dose [36] of 
NOS inhibitors on exhaled NO also implicates that res¬ 
piratory epithelium, but not vascular endothelial cells, as 
the major source of NO in exhaled air. This may also 
explain its particular sensitivity to inhaled corticosteroid 
which act topically in the airways. 

Exhaled nitric oxide compared to other means 
of asthma monitoring 


There is accumulating evidence For a significant rela¬ 
tionship between exhaled NO. clinical signs and symptoms 
of asthma, especially during acute exacerbations. How¬ 
ever, longitudinal studies are needed to confirm that exhal¬ 
ed NO may be used not only fora short-term management, 
but to guide a long-term management and treatment of 
asthma of different severity. 

The traditional means of asthma monitoring are not 
sensitive enough to demonstrate dose-dependent effect of 
inhaled steroids, especially in mild asthma. The fundamen¬ 
tal limitation of the lung function and provocative concen¬ 
tration causing a 20% fall in forced expiratory volume in 
one second (FEVt) (PC 2 Q), a reflection of airway obstruc¬ 
tion and airway hyperresponsiveness assessed by provoked 
airway obstruction, in monitoring of asthma is that they are 
not directly related to airway inflammation. In addition, 
FEVi has a small room for improvement in mild asthma 


Symptoms, lung function, bronchial hyperreactivity 
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and PC 20 is affected by corticosteroids and cannot be rou¬ 
tinely performed in severe asthmatics. Both parameters are 
slow to change and lack a discriminating power to distin¬ 
guish the effect of different doses of steroids. 

For example, only moderate positive changes in FEVl 
and PC 20 were seen in mild asthma after 4 weeks of 
treatment with high (1,600 p.g) dose of budesonide, but 
these changes were not significantly different from the 
placebo group [37]. Indirect inhaled spasmogen, such as 
adenosine monophosphate (AMP), might be more spe¬ 
cific and demonstrate dose-dependent changes in PC 20 
compared with placebo after moderate (400 pig-day" 1 ), or 
high (1,600 pig-day"’), but not low (100 Jig-day"') doses 
of inhaled steroids. In contrast, a significant reduction in 
exhaled NO, which was different from the placebo and 
coincided with improvement in asthma symptoms and 
lung function, was seen after 1,600 Jtg and much lower 
doses of budesonide 100 Jig and 400 p.g [38], The latter 
changes were also dose-dependentiy different. 

The advantage of exhaled NO measurements is that the 
changes in NO during steroid treatment are dose-depen¬ 
dent and precede the improvement in symptoms, FEVl 
[17] and sputum eosinophils [6] in asthma. Recently, it 
has been demonstrated that 400 Jtg budesonide rapidly 
reduced NO and abolished night-time asthma symptoms 
in all patients within 3 days (12193). This was also as¬ 
sociated with amelioration in FEVl. The onset of action 
of 100 jig budesonide was slower and its effect on NO 
was less marked and this was reflected in a slower 
improvement in night-time symptoms. 

This rapid increase of exhaled NO when steroid treat¬ 
ment is stopped precedes the reduction in lung function, 
with FEVl, or PC 20 to return to the pretreatment level over 
1 week [39], Exhaled NO measurements may therefore 
serve as a fast responding indicator to assess patients 
compliance with therapy and to titrate their steroid treat¬ 
ment. For example, increasing levels of exhaled NO, 
asthma symptoms and use of P 2 -agonists during the third 
week oftreatment with low dose of budesonide. might be 
an indication of the loss of asthma control and the need to 
increase the dose of steroids. On the other hand the data 
gave further support to the fact that most patients with 
mild-to-moderate asthma may require low doses of ste¬ 
roids taken once daily to achieve or to maintain an 
adequate control [40], 

The relationship between exhaled NO and FEVl dep¬ 
ends on the severity of asthma. There is no strong link 
between exhaled NO, FEV 1 and symptoms in mild steroid- 
naive asthma measured under stable conditions [14, 16]. 
However, higher concentrations of exhaled NO were link¬ 
ed to recent symptoms of bronchial obstruction [41], and 
NO was 2.6 times higher in children with recent symp¬ 
toms compared with symptom-free subjects [41]. Exhaled 
NO correlated with symptom frequency and with rescue 
Eh-agonists use, and is significantly higher in those 
patients with difficult/severe asthma who have the highest 
y symptom score where changes in lung function may have 
* limited sensitivity [19]. 


•nduced sputum 

Elevated levels of exhaled NO have been validated 
'tgainst invasive measurements of inflammation by bron¬ 


choscopy [4, 5, 29] and induced sputum [6], and a sig¬ 
nificant correlation has been found between exhaled NO 
and iNOS positive granulocytes in sputum eosinophils [7, 
8 ]. 

One of the most attractive features of exhaled NO 
measurements is that they can be repeated at short intervals 
without affecting endogenous NO production, or causing 
discomfort to the patients. This is invaluable to study an 
acute effect and onset of action of a variety of drugs, or 
tests that can influence NO production in patients of dif¬ 
ferent severity and age. 

Sputum induction, however, may cause a bronchocon- 
striction despite salbutamol pretreatment [8] and signifi¬ 
cant fall in arterial oxygen saturation (da,Cb) [42] during 
the inhalation of hypertonic saline solution, as well as 
neutrophilia detectable for at least 24 h [2] thereafter, and 
other changes in their cellular and biochemical composi¬ 
tion, both in healthy subjects and mild asthmatic patients 
[3, 43], 

Exhaled NO has a low threshold towards the effect of 
steroids and therefore, even a low dose of locally applied 
steroids are capable of a significant reduction in exhaled 
NO. The use of sputum eosinophils as read-out for steroid 
treatment efficacy might be limited. It has been shown that 
only high (1,600 jig-day"’), ormedium (400 jig-day" 1 ) [37, 
44}. but not low (100 jig-day"’) doses [38, 44] of inhaled 
steroids were able significantly reduced the number of 
eosinophils in sputum. No dose-dependent changes were 
observed in sputum eosinophils after cither low, moderate 
[38], or high [44] dose of inhaled steroids. Sputum 
eosinophils may not reflect the full extent of asthma se¬ 
verity. or the effect of inhaled steroids, as the cellular and 
biochemical composition of the larger airways (higher 
presence of eosinophils, neutrophils and eosinophil catio¬ 
nic protein (ECP)) is different from the peripheral airways 
(higher presence of macrophages, surfactant protein) and 
depends on the duration of sputum induction [45], 

However, the combined use of exhaled NO measure¬ 
ments and sputum induction is of particular importance in 
severe pcrsistenL or steroid-resistant asthma, which is asso¬ 
ciated with elevated, despite of massive steroid treatment, 
levels of exhaled NO [19. 46], neutrophilia [46] and 
oxidative stress. It has been shown that elevated ECP 
levels, hut not eosinophil numbers in induced sputum of 
corticosteroid-dependent asthmatics with recent exacer¬ 
bations may be a more accurate assessment of airway 
inflammation in these patients [47], The correct identi¬ 
fication of these patients by their profile of inflammatory 
cells and mediators in sputum is crucial, as they may 
require a different treatment. 


Use of exhaled nitric oxide to monitor asthma 

It has been shown that exhaled NO can be significantly 
reduced or even normalized whilst other markers of airway 
inflammation, e.g. number of eosinophils in sputum, is still 
high. 

However, exhaled NO is the first marker to increase 
during asthma deterioration suggesting that it can be used 
as a loss of control marker in asthma [17]. Exhaled NO 
levels were increased prior to the significant changes in 
lung function, PC20, sputum eosinophilia or asthma sym¬ 
ptoms. 
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Elevation of exhaled NO has been seen in patients with 
severe persistent asthma, despite treatment with high 
dose inhaled and/or oral steroids [19], or in acute asthma, 
or when the maintenance dose of inhaled steroids is 
reduced [17]. During acute asthma exacerbations exhal¬ 
ed NO is a more sensitive marker of asthma activity than 
serum markers, such as ECP or soluble interleukin, and 
appears to be a more useful indicator of the beneficial 
response to glucocorticosteroid therapy in paediatric 
asthma [20], 

Exhaled NO correlates with symptom frequency and 
with rescue p 2 - a gonists use, and is significantly higher in 
those patients with difficult/severe asthma who had the 
highest symptom score where changes in lung function 
may have limited sensitivity [19]. Furthermore, the iden¬ 
tification of subjects in whom exhaled NO levels remain 
markedly increased in spite of high dose corticosteroid 
therapy may influence steroid or lead to use of a different 
type of therapy, for example iNOS inhibitors [33, 34], 
anti-oxidants, or feukotriene antagonists. 


Diagnosing and screening for asthma, atopy, chronic 
cough 

Although elevated exhaled NO levels are not pathog¬ 
nomic for asthma, NO measurements may be useful in 
asthma and atopy screening in patients referred from 
primary care, or to monitor reactivation of airway aller¬ 
gic inflammation in allergic asthmatic adults and chil¬ 
dren. 

Exhaled NO is increased in asthma [14, 16, 19, 48] and 
in allergic/atopic adults and children [49-52]. Elevated 
levels of NO are strongly associated with conditions 
known to increase inflammation in asthma, such as aller¬ 
gen provocation challenge [53], pollen season [54], ani¬ 
mal allergy [49], or indoor allergens in sensitized asthma 
patients [55]. Exhaled NO was significantly elevated in 
allergic rhinitis in the nonpollen season and increased 
further in the pollen season, indicating airway inflamma¬ 
tion and an increased risk for developing asthma [56], 
Increased levels of exhaled NO due to an acute, or 
chronic allergen exposure [49, 53] and can be prevented 
by the avoidance of allergens [57], or by treatment with 
corticosteroids [52], 

Atopic asthmatics have much higher levels of exhaled 
NO [49, 50, 58, 59] than subjects with nonatopic asthma. 
Significant correlation has been found between elevated 
exhaled NO and skin test scores, total immunoglobulin 
(Ig)E [60, 61], and blood eosinophilia [62] in steroid 
naive asthmatic patients, and much higher levels, both for 
exhaled and nasal NO, have been found in atopic pati¬ 
ents with rhinitis compared to nonatopic subjects [51, 
58], 

However, not all forms of airway inflammation are 
accompanied by increased levels of exhaled NO. Patients 
with chronic cough not attributable to asthma [63], or due 
to gastro-oesophageal reflux [64, 65] have low NO values 
compared with healthy volunteers and patients with 
asthma. Exhaled NO may therefore be a useful screening 
too! for patients with chronic cough. 


Effects of treatments on exhaled nitric oxide asthma 

Oral corticosteroids 

The effect of steroids on exhaled NO depends on the 
degree of iNOS induction. Oral prednisolone (30 mg daily 
for 3 days) reduces elevated exhaled NO in asthmatic 
patients, whereas it has no effect on exhaled NO in normal 
subjects [33]. This is presumably because INOS is the 
major source of increased exhaled NO in asthma, whereas 
the major source of exhaled NO in normal subjects is the 
constitutive NOS, which is not suppressed by cortico¬ 
steroids. Prednisolone (30 mg-day' 1 ) produced a signifi¬ 
cant, but moderate (22%) reduction in exhaled NO within 
72 h in mild asthmatics [33]. A high dose of methyl- 
prednisolone (180-500 mg) caused a 36% reduction 
within 50 h in the majority of exacerbation of asthma 
[66], A high dose (1 mg-kg' 1 -day' 1 for 5 days) of oral 
prednisolone also normalized exhaled NO in infants and 
young children with wheezing exacerbations [67], whe¬ 
reas the same dose in more severe asthmatic children only 
shifted their exhated NO down to the levels of mild-to- 
moderate asthma, in spite of the improvement in lung 
function [10], 

Inhaled corticosteroids 

Exhaled NO has been successfully used to monitor anti¬ 
inflammatory treatment with inhaled corticosteroids in 
asthma [14, 18, 37, 68. 69]. Exhaled NO is a very sen¬ 
sitive and rapid marker of the effect of steroid treatment 
(table 3). A significant reduction in exhated NO levels has 
been observed 6 b after a single high-dose (8 mg) of 
nebulized budesonide in symptomatic moderate asthma 
[72]. Dose-dependent changes in NO have been reported 
during 3-weck treatment with 100/400 pg budesonide in 
mild asthma [38]. 

Recently, it has been shown that the onset of action of 
inhaled budesonide on exhaled NO and the time to reach 
the maximal reduction are dose-dependent. The higher 
dose of budesonide reduced NO and improved night-time 
asthma symptoms in alt patients within 3 days and 
increased FEVi [74], The onset of action of 100 pg 
budesonide was slower, its effect on NO was less marked 
and this was related to a slower improvement in night¬ 
time symptoms. The difference between the effect of 100 
pg versus 400 jig BUD on NO was apparent within 3 
days and was maximal after 5 and 2i days. NO was 
further reduced during the third week of treatment with 
400 pg BUD, in contrast to a minor NO increase in the 
100 pg BUD group, which coincided with the return of 
asthma symptoms and increased use of Pi-agonists. 

The effect of inhaled corticosteroids may be via a direct 
inhibition of iNOS induction via inhibition of transcription 
factors activity [75], such as nuclear transcription factor 
(NF)-kB, or inflammatory cytokines, such as tumour 
necrosis factor (TNF)-a, or interleukin (IL)-1 p, which indu¬ 
ced iNOS, or by inhibition of recruitment of inflamma¬ 
tory cells, such as eosinophils, which express iNOS [76], 
It has been shown that no longer than 24 h is needed for 
inhibition of iNOS activity (24 h) [75] and only 30 min 
for the NF-kB after application of corticosteroids [77]. 

An important issue that remains to be resolved is what 
level of exhaled NO needs to be achieved during the 
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fable 3. - Effect of corticosteroids on exhaled nitric oxide (NO) 


Drug class 



Effect 









Magnitude % 

Onset 

Duration days 

Recovery days 

[Ref] 

ftormal subjects 






Pred 30 mg-day-*, 3 days* 

Dex 4 mg*day' , 2 days 



No effect 


[33] 



No effect 


[70] 

Asthma 

1,600 mg-day 1 BUD (Mild)* 

i 30 


7 


[18] 


[ 34 


14 



i 41 


21 



BUD 1,600 pg-day- 1 (Mild)* 

BUD 100 pg-day' 1 (Mild)* 

i 54 


28 


[37] 

l 29 


28 


[38] 

BUD 400 Jig-day -1 

1 50 


2S 



Pred 30 mg-day' 1 , 3 days (Mild)* 

I 22 

72 h 



[33] 

Pred+IS (Severe) 

1 40 

48 h 



[66] 

Pred 1 mg-kg' 1 , 5 days (Severe) 

i 46 


5 


[10] 

Pred 1 mg-kg' 1 , 5 days (Moderate) 

l 52 


5 


[67] 

Pred+IS, 5 days (Severe) 

i 65 


5 


[21] 

IS (Mild) 

t 9" 



4 

[71] 

IS (Moderate) 

t 24’ 



15 


BUD 8 mg nebulized (Moderate) 

[ 31 

6 h 



[72] 

FP 1,000 pg-day' 1 , 4 weeks 

i 77 ' 




[69] 


| 76 

2 weeks 


i 17% 14 


BMP t mg-day' 1 (Mild) 

i 28 


7 


[73] 


T 12 



7 


BUD 100 pg-day' 1 (Mild) 

1 15 


5 


[38] 


1 27 


7 




1 20 


21 




1 7 



7 


BUD 400 pa; day' 1 

l 26 


3 




1 38 


5 




l 35 


7 




1 44 


21 




’ .1 



5 



Pred: prednisolone; Dex: dexamethasone; BUD: budesonide: FR: fluticasone: FL: flunisolidc: IS: inhaled steroids; l : decrease: f : 
increase; *: placebo-controlled randomized trial: Mild: mild asthma: Moderate: moderate asthma; Severe: severe asthmii: values 
presented as parts per billion (volume by volume). 
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treatment. Exhaled NO levels in mild asthma arc sub¬ 
stantially reduced, but not normalized after a course of 
different doses (100-1,600 pg) of inhaled steroids [33. 38. 
69J. However, the larger dose (I mg-kg" , -day" 1 for 5 days) 
of oral prednisolone normalized exhaled NO in infants 
and young children with wheezing exacerbations [67]. 
while in more severe asthmatic children exhaled NO 
levels were reduced to the mild-to-moderate asthma ranae 
[10]. 

A high dose of inhaled fluticasone propionate (FP; 500 
fig b.i.d.) reduced exhaled NO reduction by 76% after 2 
weeks and 77% after 4 weeks of treatment [69], Indeed, 
NO levels were not fully recovered (83% of the baseline) 
after 2 weeks after the end of treatment. However, a high 
dose of budesonide (1,600 pg-day" 1 ) reduced exhaled NO 
only by 48% after 3 weeks with a further reduction to 
54% after four weeks of treatment [ 18, 3 7,3 8]. The levels 
of NO were not fully recovered two weeks after FP was 
stopped, whilst NO levels in the study with budesonide 
[73] returned to the almost pretreatment values within 3-5 

V days regardless of the dose of budesonide. 

> Inhaled Pj -agonists 


on exhaled NO [9. 10, 77]. Similarly. I week of treatment 
with a long-acting inhaled p—agonists, salmeterok does not 
reduce NO in adults or children [9-11], This is consistent 
with the fact that inhaled Pz-agonists do not have any 
effect on chronic inflammation in asthma and validates 
the use of exhaled NO to measure inflammation indepen¬ 
dently of airway calibre. 


Leukotriene antagonists 

A leukotriene synthase inhibitor (pranlukast) inhibits the 
rise in exhaled NO when the dose of inhaled corticoster¬ 
oids is reduced [79]. Rapid reduction of exhaled NO has 
been recently reported after montelukast, leukotriene rec¬ 
eptor antagonist, in children with asthma. The mechanism 
of this moderate 15% [80], or 30% [81] reduction is not 
clear, but may reflect a weak effect on the inflammatory 
cytokines that induce iNOS in eosinophils. 


Inducible nitric oxide synthase inhibitors, prostaglan¬ 
dins and other drugs 


iat 1 i The short-acting p 2 -agonist salbutamol (5 mg via nebu- 
Jie I lizer or 400 Jig by metered-dose inhaler) has no acute effect 


The use of NO modulators, for example iNOS inhi¬ 
bitors, or prostaglandins (PG)E 2 , are presently at the stage 
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of clinical research. Potentially, NO modulators may be 
important in management of severe asthma in which a 
combination of airway inflammation and oxidative Stress 
together with an inherited, or acquired resistance to ste¬ 
roids makes their treatment difficult. 

Endogenous NO may play an important' role in the 
persistent airway inflammation and hyperresponsiveness 
and treatment with aminoguanidine, a relatively specific 
iNOS inhibitor may be beneficial. Both, aminoguanidine 
and N G mitro-L-arginine methyl ester (l-NAME) can be 
safely given and caused a significant reduction in exhaled 
NO in asthmatic patients [33, 34], More chronic treatment 
will be required to demonstrate whether NO contributes 
to the persistence of asthmatic inflammation in humans. 

PGE 2 and PGF 3ot also decrease exhaled NO in normal 
and asthmatic subjects, irrespective of changes in airway 
calibre [82], This effect occurs rapidly and is presumably 
due to an inhibitory effect of cyclooxygenase products on 
NOS directly rather than through altered gene transcrip¬ 
tion [83], 

Despite ofpositive changes in PC 20 in asthmatics treated 
with seratrodast, thromboxane (TX)A? antagonist, there 
was no differences in either exhaled NO or sputum eosi¬ 
nophils [84]. The effects of theophylline and cromones on 
exhaled NO have not yet been reported. 


Exhaled nitric oxide in other lung diseases 


Cystic fibrosis 

Exhaled NO measurements may have a diagnostic value 
in cystic fibrosis (CF). Remarkably iow NO levels have 
been reported, with the exception of one paper [85]. in 
exhaled [86—89] and nasal [90] air of patients with CF. 
There is also evidence of low NO production in the 
airways of CF mice through a loss of expression of the 
iNOS and this is related to diminished NO production in 
response to lipopolysaccharide. reduced bactericidal acti¬ 
vity in the lungs [91.92]. and to dysfunction in epithelial 
ion transport [93]. 

It has been shown that the airways in patients with CF 
are exposed to increased oxidative stress, which appears to 
be a consequence of pulmonary inflammation rather than 
part of the primary CF defect [94. 95]. Influx of airway 
neutrophils releasing superoxide, which converts NO to 
nitrate, may explain the lack of elevation of exhaled NO 
in CF [96. 97], and the lack of response of elevated 
sputum NOVNO 3 levels to antibiotic and corticosteroid 
treatment during acute pulmonary exacerbations [98]; 
Patients with CF are also more susceptible to oxidative 
cell injury than normal healthy children. This is due to 
both the impaired absorption of antioxidant nutrients and 
the increased oxidative stress [ 99 ] contributing to the 
decline in pulmonary function [ 100 ] and oxidative dam¬ 
age to deoxyribonucleic acid (DNA) [101] explaining, 
perhaps, a higher incidence of malignancy in CF patients. 
A dramatic reduction of iNOS expression in airway and 
nasal epithelium in patients with CF [91] may hinder an 
important first-line defence mechanism and increase the 
susceptibility of the airways to bacterial infections. 


Chronic obstructive pulmonary disease 

The usefulness of exhaled NO measurements in assess¬ 
ment of airway inflammation in COPD still needs to be 
established. Exhaled NO is not elevated in stable COPD 
[102-105] and NO sensitivity towards corticosteroids is 
of limited value, as they are, in general, ineffective i n 
COPD. 

The low NO levels in COPD may be due to several 
reasons including chronic cigarette smoking, and oxidative 
stress. Much lower exhaled [102, 106. 107] and nasal No 
[108] levels were detected in smokers than in nonsmo¬ 
kers. This may be explained by partial irreversible 
inhibition of NOS by cigarette smoke extract [109, 110], 
or by conversion of NO to peroxynitrite release by 
neutrophils [96], 

Low levels of exhaled NO do not imply that nitrosative 
stress plays a small role in COPD, as the formation 
peroxynitrite and, eventually 3-nitrotyrosine in plasma in 
norma! smokers [ 111 ], may be deleterious considering not 
only its involvement in cigarette smoke-induced inflam¬ 
matory reactions, but also reported gertotoxic effects 
[ 112 ]. 

Exhaled NO may have a role in identification of patients 
with severe, unstable COPD who have elevated NO levels 
compared with stable smokers and exsmokers with COPD 
[105, 113]. This may be explained by a exaggerated neu¬ 
trophilic inflammation, oxidant/antioxidant imbalance 
and microbial infection in more severe patients with 
COPD [114], 

With exacerbations, the number of eosinophils, which 
arc capable of expressing iNOS and producing NO [73, 
1 i 5], may increase and this may also explain the further 
elevation of exhaled NO in patients with severe persistent 
asthma despite massive treatment with inhaled and/or oral 
steroids [19], Eosinophils have been reported to be 
present in chronic bronchitis and COPD in particular 
during exacerbations, and exhaled NO correlated with the 
percentage of sputum eosinophils in COPD [116j. How¬ 
ever. in contrast to asthma, the tissue eosinophils found in 
COPD do not degrarmlate and arc not associated with 
increased expression of interleukin (lL)-5 [115, 117]. 
Therefore, mild elevation of exhaled NO in stable COPD 
might be a reflection of altered pulmonary mechanics and 
gas transfer, rather than airways inflammation. In fact, 
exhaled NO was significantly correlated with carbon 
monoxide diffusing capacity of the lungs (Dl.co) and 
was independent of inhaled corticosteroid therapy [118]. 
Acidosis is frequently associated with exacerbations of 
COPD and may have a direct vasodilatory influence on 
the systemic vasculature, and lead to increased NO pro¬ 
duction, and myeloperoxidase activity in lung [119]. In 
fact, in an acidic environment, the reaction between NO 
and oxygen radicals becomes further enhanced, leading to 
more tissue damage [ 120 ], 

Two recently published articles on exhaled NO in 
COPD demonstrate largely opposing results which is most 
likely due to differences in methodology, patients selection 
and the heterogeneous disease entity such as COPD. Tims, 
elevated levels of exhaled NO were found in stable COPD 
(FEVi 43% pred), compared with healthy control [107], 
whilst no difference in excretion rate of NO and nitrite/ 
nitrate in sputum supernatant was observed between 
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ponatopic, steroid naive COPD patients (FEVl 63% pred) 
compared also with healthy controls [116]. 


Bronchiectasis 

The clinical relevance of exhaled NO measurements in 
bronchiectasis may be related to two issues. First, to 
identification of patients with infective exacerbations, and 
therefore high levels of exhaled NO. Second, to separation 
of patients with CF and/or primary ciliary dyskinesia 
whose NO levels are abnormally low [121], 

An increase in exhaled NO has been found in bron¬ 
chiectasis and the level of NO was related to the extent of 
disease, as measured by a computerized tomography score 
[122]. Exhaled NO levels were not elevated compare to 
normal control in clinically stable patients with bronch¬ 
iectasis [85], It has been speculated that NO is either 
trapped in viscous airway secretions, or removed by reac¬ 
tion with reactive oxygen species, or epithelial iNQS has 
failed to be upregulated by chronic suppurative condi- 
tions. 


Pyimary ciliary dyskinesia 

Primary ciliary dyskinesia (PCD), a genetic disease cha¬ 
racterized by defective motility of cilia, is another example 
where abnormally low nasal NO [121] might be useful in 
diagnosis. As NO plays an important role in bactericidal 
activity in the lungs [91, 92] and sodium and chloride 
transport in nasal epithelium [93J. lack of endogenous 
NO production and defective nasal mucosa might account 
for the recurrent chest infections and male infertility in 
these patients. It has been shown that treatment with NO 
donor L-argininc [123] restored nasal NO and, therefore, 
improved mucociliary transport in PCD patients [121], 
Therefore, measurements of nasal NO might be not only 
□f diagnostic value in adults and children [124], but a 
major target and outcome in the treatment of patients with 
PCD. 


Interstitial lung diseases 

Ciinical relevance of exhaled NO measurements in in¬ 
terstitial lung disease may be to help with the diagnosis of 
pulmonary hypertension and to identity patients with 
active inflammation. 

The pathogenesis of pulmonary hypertension (PH) re¬ 
mains poorly understood. Amongst vasoactive substances, 
vasoconstriction is likely to be a major factor in the 
disease, alteration of the NO has been cited as a possible 
pathogenic factor [125] but either reduction [27, 126, 
127], or elevation [128-130], or variable [ 131 ], or unalte¬ 
red [132] expression of endothelial NO-synthase (eNOS) 
have been reported in pulmonary vessels. Although, the 
levels of eNOS expression in small arterioles are signi¬ 
ficantly lower than in control subjects, consistently strong 
expression of eNOS is seen in the endothelium of plexi- 
fi>rm lesions in both primary and secondary PH patients, 
Suggesting that different therapeutic approaches might be 
■'•Pplied [133]. Recently, no difference in nNOSl in pul¬ 
monary arteries of patients with PH compare to control 


subjects has been reported, while abundant expression of 
endothelin-converting enzyme (ECE)-l, a potent vaso¬ 
constrictor, was present in diseased vessels [127]. 

In patients with PH, secondary to systemic sclerosis, 
there is a reduction in exhaled NO compared to normal 
subjects and to patients with interstitial lung disease with¬ 
out PH [125, 134]. This may be a reflection of the reduced 
eNOS expression described in patients with PH [27], The 
reduced endogenous endothelial NO production as a 
result of chronic or acute pulmonary vascular endothelial 
injury in patients with PH or following cardiopulmonary 
bypass-operation [135] may aggravate pulmonary vaso¬ 
constriction and proliferation of vascular smooth muscle 
cells [13]. 

Elevated levels of exhaled NO in patients with fibrosing 
alveolitis were associated with disease activity as assessed 
by bronchioalveolar lavage (BALI cell counts, and were 
reduced in patients treated with corticosteroids [136], 
However, despite the absence of either exhaled NO or 
BAL, nitrite elevation in patients with active pulmonary 
sarcoidosis [137] there were significantly higher CO 
levels in exhaled breath of these patients (unpublished 
data). It may be possible, in the future, to monitor oxi¬ 
dative stress in pulmonary sarcoidosis more closely and 
to adjust treatment with the antioxidants which could be 
as effective as treatment with antioxidant N-Acciylcys- 
teine in fibrosing alveolitis [138]. 

In patients with PH, secondary to systemic sclerosis, 
there is a reduction in exhaled NO compared to normal 
subjects and to patients with interstitial lung disease 
without pulmonary hypertension [125. 134], This may be 
a reflection of the reduced endothelial NOS expression 
described in patients with PH [2 7 ]. The reduced endo¬ 
genous endothelial NO production as a result of chronic 
or acute pulmonary vascular endothelial injury in patients 
with PH or following cardiopulmonary bypass-operation 
[135] may aggravate pulmonary vasoconstriction and 
proliferation of vascular smooth muscle cells [13], 

Elevated levels of exhaled NO and CO in patients with 
fibrosing alveolitis were associated with disease activity as 
assessed by BAL cell counts [136]. However, despite the 
absence of either exhaled NO or BAL nitrite elevation in 
patients with active pulmonary sarcoidosis [137] there 
were significantly higher CO levels in exhaled breath of 
these patients (unpublished data!. It may be possible, in 
the future, to monitor oxidative stress in pulmonary sar¬ 
coidosis more closely and to adjust treatment with the 
antioxidants, which could be as effective as treatment 
with antioxidant, N-Acetylcysteine in fibrosine alveolitis 
[138]. 


Future directions 

There has been an interesting attempt to direct treatment 
with steroids in patients with moderate asthma according 
their levels of PC 20 to methacholine [139]. Apart from 
small changes in PC20 (1.1 doubling dilution), because 
the majority of the patients had already been treated with 
inhaled steroids at baseline, the major limitation of this 
and others single-parameter-based-guidelines is its relati¬ 
vely weak link with airway inflammation. The advantage 
of exhaled NO is that it has a much stronger affiliation to 
airway inflammation, asthmatic/atopic inflammation in 
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particular, and is much more sensitive to anti-inflamma¬ 
tory treatment so that the control of the disease can be 
improved without the risk of over-treatment. 

Measurements of lipid mediators, such as cysteirtyl- 
leukotrienes (LT) and other eicosanoids, in induced sputum 
[140] and exhaled condensate are promising approaches. 
However, the methodological issues, such as considerable 
within-subject variability of most sputum eicosanoid con¬ 
centrations [ 140J needs to be addressed. Exhaled conden¬ 
sate, as it is less contaminated with saliva and proteines 
and is easy to collect in a controlled fashion, may have the 
advantages. Recently, significantly different levels of LT 
E„, C 4 , D 4 , LTB 4 and nitrotyrosine in exhaled condensate 
of asthmatic patients of different severity before and after 
treatment with corticosteroids [141], and levels of IL-8 in 
CF patients during exacerbations, which were reduced 
after treatment with antibiotics (unpublished data). 

Therefore, combination of exhaled NO measurements 
with determination of other inflammatory markers and me¬ 
diators in exhaled breath condensate, such 8-isoprostane 
[142, 143], leukotrienes and prostaglandins, is a promis¬ 
ing noninvasive approach towards asthma and COPD 
management. 

Objective, noninvasive and effort independent monitor¬ 
ing of respiratory symptoms in adults and children with 
asthma is important for optimizing their anti-inflammatory 
treatment. Recently, a quantitative method has been used 
for tracking breath sounds overnight (PulmoTrack, Kar- 
mel, 1L, USA) and during daytime in mild-to-severe 
asthma patients. The overnight wheeze scores were >20 
times higher in moderate asthmatics on inhaled steroids 
compared with mild steroid naive asthma (unpublished 
data). 

A combination of the cornerstone asthma sign such a 
wheeze, which is also related to airway obstruction, with a 
variety of inflammatory markers in exhaled breath and 
exhaled condensate may be clinically useful in detection 
and management of cytokine-mediated inflammatory lung 
disorders. 
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